Introduction {#s1}
============

Alginate, a naturally acidic polysaccharide, consists of alternating β-D-mannuronic acid and α-L-guluronic acid moieties connected with 1,4-glycosidic linkages, and it is common in various edible brown seaweeds ([@B10]). Alginate is widely used as a biopolymer in the food, cosmetic, pharmaceutical, and textile industries due to its stability, biodegradability, and low toxicity ([@B20]). Alginate and its derivatives have been shown to have numerous biological and pharmacological activities, including neuroprotective ([@B51]), anti-inflammatory ([@B52]), immunostimulatory ([@B45]; [@B46]; [@B2]; [@B7]), and anti-oxidant ([@B37]) effects. Polymannuronate (PM) is an acidic polysaccharide prepared from alginate *via* hydrolyzation by hydrogen chloride (HCl) and separation by fractionation at pH 2.85 ([@B10]). PM has been reported to possess bioactivities including anti-oxidative activity examined by luminol analogue L-012-dependent chemiluminescence method and anticoagulative activity determined using activated partial thromboplastin time reagent ([@B38]; [@B21]).

Selenium (Se) is an elementary trace element and is associated with the normal activities of organisms ([@B8]). Se plays a critical role in various metabolic processes and is an important component of Se-dependent enzymes, such as glutathione peroxidase (GPx), which guards cells from serious oxidative damage induced by free radicals ([@B8]). Many studies suggested that Se-containing compounds might be able to slow the progression of Alzheimer\'s disease (AD) due to their anti-oxidative effects and involvement in the molecular pathways of AD ([@B22]; [@B44]). The possible oxidation states of Se are selenate (+6), selenite (+4), selenium (0), and selenide (−2), and all these different oxidation states of Se can be assembled into a series of organic Se compounds such as dimethylselenide, trimethyselenium, selenomethionine, selenocysteine, and seleno-polysaccharides with sulphur being replaced by Se ([@B34]; [@B33]). Although selenosis in humans is very rare, endemic selenium toxicity in some parts of China and Australia still exists ([@B34]). Several studies have proved that low dose of Se is an effective anticarcinogen while high dose of Se can induce carcinogenesis, cytotoxicity, and even genotoxicity ([@B28]; [@B39]; [@B33]). As previously reported, organic Se compounds can improve the bio-availability of Se and possess fewer side effects than inorganic Se ([@B41]). Seleno-polysaccharides, as a type of important organic Se compound, can be obtained by the reaction of Se with polysaccharide ([@B42]), or be extracted from plants ([@B54]) or fungi ([@B23]). Seleno-polysaccharides have exhibited bioactivities including antioxidation and neuroprotection that are superior to those of Se itself or Se-free polysaccharides ([@B47]; [@B42]).

β-amyloid (Aβ) is generated from amyloid precursor protein (APP) *via* cutting at β-site by APP-cleaving enzyme (β-secretase or BACE) and γ-secretase and consists of 36--43 amino acid residues ([@B18]). After cleavage, the Aβ peptide aggregates into oligomers and insoluble fibrils in brains. Aβ~1--42~ oligomers are suggested to be the most neurotoxic form ([@B26]). Aβ oligomers can induce the overproduction of reactive oxygen species (ROS) and cause dramatic oxidative damage to neurons, eventually leading to neuronal apoptosis and death ([@B17]). The extracellular senile plaque formed by Aβ aggregation and precipitation is a primary histopathological characteristic of Alzheimer\'s disease (AD) which is a brain disease with serious neurodegeneration ([@B14]). N2a-sw cell is the murine neuroblastoma N2a cell stably transfected with human Swedish mutant APP695, can thus overexpress APP and Aβ, and be an important cell model of AD.

We hypothesized and further confirmed that a new Se-containing compound, seleno-polymannuronate (Se-PM) obtained from the selenylation of alginate-derived PM by Na~2~SeO~3~ inherits the anti-oxidative bioactivity of Se-containing natural products and derivatives of alginate. For example, Se-PM decreased the ROS production through increasing the expressions of antioxidant enzymes including superoxide dismutase (SOD) and glutathione peroxidase (GPx) in N2a-sw cells ([@B53]). Also, Se-PM inhibited ROS generation in lipopolysacharide (LPS)-stimulated RAW264.7 macrophages ([@B4]). On the basis of the previous research work, we report the optimization of the preparation process of sulfated polymannuronate (S-PM), the compositional and structural characteristics of PM, S-PM, and Se-PM including the degree of sulfation, Se content and average molecular weight, and the inhibition of Aβ oligomer aggregation *in vitro* and neuroprotection effect in N2a-sw cells of Se-PM. Results from this study should be helpful to understand the nature of the new bioactivities caused by selenylation, and be useful to the development of new derivatives of alginate with better bioactivities.

Methods {#s2}
=======

Materials {#s2_1}
---------

Alginate, SO~3~-Py, and Na~2~SeO~3~ were purchased from Sigma-Aldrich (St. Louis, MO, USA). Foetal bovine serum (FBS), high-glucose DMEM, Opti-MEM, penicillin, streptomycin, and geneticin (G418) were provided by Gibco (Grand Island, NY, USA). Cell Counting Kit (CCK)-8, radioimmunoprecipitation assay (RIPA) buffer, and JC-1 fluorescence probe were provided by Beyotime Institute of Biotechnology (Jiangsu, China).

Preparation of PM {#s2_2}
-----------------

PM was prepared from sodium alginate through hydrolysis using HCl and separation by pH 2.85 fractionation according to the method of [@B10]. In brief, 10 g alginate was dissolved in 500 mL 0.5 M HCl and then heated at 90°C for 7 h. After centrifuged at 3,500 rpm for 10 min, the white sediment was dissolved in 8% NaHCO~3~ and adjusted pH value to 2.85. After centrifugation at 3,500 rpm for 10 min, the solution was mixed with 95% ethyl alcohol (1:3, v:v) and precipitated overnight at 4°C. After centrifugation at 3,500 rpm for 10 min, the white sediment was dissolved in ultrapure water and PM was obtained after freeze drying by parameters of lyophilizer (Foring Technology Development (Beijing) Co., Ltd., Beijing, China). The homogeneity of PM was determined by circular dichroism (CD) (Jasco, Inc., Japan). As shown in [**Supplemental Figure S1**](#SM1){ref-type="supplementary-material"}, the peak and trough of CD spectrum of PM appeared at 200 and 216 nm respectively, indicating that the homogeneity of PM was over 90% according to literature ([@B25]).

Preparation of S-PM {#s2_3}
-------------------

The sulfated derivative of PM was obtained by orthogonal experiment method under four different experimental conditions with various of temperatures and ratios of sulfating reagent (SO~3~-Py) to PM. PM (400 mg) and SO~3~-Py were each suspended in 20 mL of anhydrous dimethyl methanamide at room temperature (RT) with stirring in clean beakers, and then the SO~3~-Py solution was added dropwise into the PM solution. The mixture was stirred at 45°C or 60°C for 4 h and then cooled to RT. A precipitate was generated by the addition of absolute ethyl alcohol. After being washed three times with absolute ethyl alcohol, the precipitate was dissolved in ultrapure water, and the pH of the solution was adjusted to 7.0 using 1 M sodium hydroxide (NaOH) solution. Then, the solution was dialyzed (molecular weight cutoff ≥ 500 Da) against ultrapure water to remove residual sulfating reagent and potential degradation products until the conductivity remained constant. Sulfated PM (S-PM~1~ − S-PM~4~) with different DS values ([**Table 1**](#T1){ref-type="table"}) were obtained after freeze drying, and the samples were stored at −20°C until further analysis.

###### 

Sulfur (S) content and DS of S-PM under four different experimental conditions.

  Sample    SO~3~-Py : PM (w/w)   Temperature (°C)   Time (h)   S (%)   DS
  --------- --------------------- ------------------ ---------- ------- ------
  S-PM~1~   4:1                   45                 4          7.31    0.48
  S-PM~2~   4:1                   60                 4          8.41    0.58
  S-PM~3~   6:1                   45                 4          9.48    0.69
  S-PM~4~   6:1                   60                 4          11.86   0.97

Preparation of Se-PM {#s2_4}
--------------------

The solution of S-PM was heated in the presence of Na~2~SeO~3~ (1:2, w/w) and excess barium chloride (BaCl~2~) in 5% HNO~3~ at 60°C for 8 h. After cooling, potassium sulfate (K~2~SO~4~) solution was gradually dropped into the reaction solution to remove excess Ba^2+^. Then, the reaction solution was centrifuged at 14,000 × g for 10 min to eliminate precipitated barium sulfate (BaSO~4~), and the pH of the clear reaction solution was adjusted to 7.0 using 1 M NaOH solution. Then, the solution was dialyzed (molecular weight cutoff ≥ 500 Da) against ultrapure water to remove additional chemical compounds until the conductivity remained constant and the solution did not turn red when reacted with ascorbic acid. Freeze drying afforded the powdered Se-PM, and the samples were stored at −20°C until further analyses.

Measurement of the DS {#s2_5}
---------------------

The DS was used to quantify the amount of hydroxyl groups that had been replaced by sulfate groups, and it was estimated *via* the BaCl~2~-gelatin method ([@B6]). Briefly, 10 mg of S-PM or Se-PM was dissolved in 1 mL of HCl (1 M) in an eppendorf tube and hydrolyzed at 100°C for 4 h. After centrifugation, 100 μL of the hydrolyzed solution was reacted with 900 μL of HCl (1 M) and 0.5 mL of BaCl~2~-gelatin (5 mg/mL) at RT for 20 min, and the absorbance values were determined at 500 nm. The ultrapure water was used as a blank and potassium sulphate (K~2~SO~4~) was used to construct calibration curves. The DS was calculated based on the following equation: DS = \[(1.62 × S%)/(32 − 1.02 × S%)\] and S% means the S percentage in the polysaccharide samples.

Measurement of the Se Content {#s2_6}
-----------------------------

A 10-mg sample of Se-PM was digested with a mixture of perchloric acid (HClO~4~) and HNO~3~ (1:4, v/v) in a beaker overnight. Then, the reaction mixture was heated using an electrothermal furnace to generate a mass of white smoke. After cooling, the residue was dissolved in 6 M HCl and heated again. Then, the residue was dissolved in 10 mL of 0.5 M HCl. The Se content was measured by inductively coupled plasma-mass spectrometry (ICP-MS, Perkin-Elmer SCIEX, Norwalk, CT, USA) after digestion based on a calibration curves constructed using a Se standard solution \[GBW(E)080215, 100 pg/mL\] (National Standard Material Research Center, Beijing, China) ([@B49]). The RF power was 1,100 W and the nebulizer used was Meinhard^®^. The plasma, auxiliary, and nebulizer gas flow rates were 20.0, 1.0, and 0.9 L/min, respectively.

Measurement of the MW {#s2_7}
---------------------

The MW of the dissolved portions of PM, S-PM, and Se-PM were determined by an High performance liquid chromatography (HPLC) System (Agilent 1260, Palo Alto, CA, USA) coupled with a multi-angle laser scattering (MALLS) detector (Wyatt, Santa Barbara, CA, USA) and a refractive index (RI) detector (Agilent, Palo Alto, CA, USA). The value of dn/dc was set at 0.138 mL/g. The separation was performed on a chromatographic column (ACQUITY UPLC Protein BEH 125 Å, 1.7 µm, 4.6 × 300 mm, Waters, Milford, MA, USA) at 0.1 mL/min and 25°C. The injection volume was 20 μL, and the mobile phase was 20% methanol and 80% 80 mM ammonium acetate (NH~4~OAc).

Fourier Transform Infrared (FT-IR) Spectroscopy Analysis {#s2_8}
--------------------------------------------------------

The chemical structures of PM, S-PM, and Se-PM were characterized using an FT-IR spectrophotometer (Thermo Scientific, Rochester, NY, USA) with a scanning range of 4,000 to 700 cm^−1^. Samples of the polysaccharide (2 mg) were mixed with potassium bromide (KBr) and pressed into thin discs for analysis.

Thioflavin T (ThT) Fluorescence Analysis {#s2_9}
----------------------------------------

To investigate the influence of polysaccharide samples on Aβ fibrillation, a ThT fluorescence-based analysis was performed. In brief, 20 µM freshly Aβ~1--42~ oligomer (Chinapeptides Co., Ltd., Guangdong, China) was diluted in PBS (pH 7.4) containing 20 mM ThT and 100 mM NaCl, and then 0.5 mg/mL Se-PM, PM, or 5 µM epigallocatechin gallate (EGCG) in PBS was added to the above system, respectively. One hundred fifty microliters of mixed solution was added to 96-well plates and incubated at 37°C for 10 h. The ThT fluorescence intensity of each group was recorded using a microplate reader (Fluoroskan Ascent FL, Thermo Scientific, Rochester, NY, USA) with 444/485 nm excitation/emission filters at different time points.

Cell Culture {#s2_10}
------------

N2a cells were obtained from the Shanghai cell bank of the Chinese Academy of Sciences (Shanghai, China) and N2a-sw cells were the murine neuroblastoma N2a cell stably transfected with human Swedish mutant APP695 and as gifts provided by Prof. Xu Huaxi and Prof. Zhang Yunwu (Xiamen University, China). Both two cells cultured in 50% Opti-MEM and 44% DMEM supplemented with 5% FBS and 1% antibiotic (penicillin and streptomycin) in an incubator at 37°C with 5% CO~2~. There was additional 0.2% G418 in the N2a-sw cell culture medium.

In our previous study, the cytotoxicity of Se-PM was measured by CCK-8 assay. It showed that the viability of the N2a-sw cells increased significantly to 119% when the concentration of Se-PM reached 0.5 mg/mL ([@B53]). Therefore, 0.5 mg/mL of polysaccharide samples were used in the following cell studies.

Western Blot Analysis {#s2_11}
---------------------

The protein expression in N2a-sw cells after treated respectively by PM, S-PM, and Se-PM, was determined using Western blot analysis as described previously ([@B5]). The cells were lysed on ice with RIPA buffer containing a protease and phosphatase inhibitor cocktail (Selleck, Shanghai, China). The protein (20 μg) was resolved by 10% SDS-PAGE and transferred to a PVDF membrane. After blocking with 5% (w/v) skim milk, the membrane was probed with APP, BACE1, Bax, and Bcl-2 primary antibodies (Cell Signaling Technology, Beverly, MA, USA) or β-actin primary antibody (Proteintech, Hubei, China) at 4°C overnight and HRP-conjugated secondary antibody (Cell Signaling Technology, Beverly, MA, USA) at RT for 1 h. After rinsing, the proteins were visualized using an ECL kit (Thermo Scientific, Rochester, NY, USA), and the blot densities were quantified by Quantity One software.

Immunofluorescence Analysis {#s2_12}
---------------------------

After treatment, the cells were fixed with 4% formaldehyde and permeabilized with 0.2% (w/v) Triton X-100. Then, after blocking with 10% (w/v) goat serum, the cells were incubated with JC-1 fluorescence probe at 37°C for 30 min or cytochrome c primary antibody at 4°C overnight. After being washed, the cells incubated with JC-1 fluorescence probe and were directly visualized using laser scanning confocal microscopy (Carl Zeiss Jena Gmbh, Jena, Germany). The cells incubated with primary antibody were incubated with Alexa Fluor 596-conjugated secondary antibody and DAPI, which was used to label the nuclei at RT for another 2 h. After additional washes, the cells were observed by confocal microscopy. All the images were analyzed using the ImageJ software.

Statistical Analysis {#s2_13}
--------------------

All the experiments were repeated at least three times. The data are presented as the means ± standard deviation and were analyzed using the two-tailed Student\'s t-test to determine any significant differences between the N2a cell group and N2a-sw cell group or between N2a-sw cell group and N2a-sw cell groups treated by different polysaccharides using GraphPad prism 5.01 software (GraphPad Software, Inc., La Jolla, CA, USA). A value of *p* \< 0.05 was considered significant.

Results and Discussion {#s3}
======================

Chemical Characterization of PM, S-PM, and Se-PM {#s3_1}
------------------------------------------------

The sulfur (S) content and DS of S-PM~1~ to S-PM~4~ obtained from orthogonal experiments together with their experimental conditions are presented in [**Table 1**](#T1){ref-type="table"}. The results indicate that the S content in S-PM increased from 7.31% to 11.86% and that the DS of S-PM varied from 0.48 to 0.97. The hydroxyl groups on the PM were efficiently replaced with sulfate groups. The temperature and ratio of SO~3~-Py to PM were crucial factors that affected the S content and DS of S-PM, and the optimum conditions for further syntheses were determined to be SO~3~-Py and PM (6:1, w/w) reacting at 60°C for 4 h.

The molecular mass of polysaccharide samples was analyzed using HPLC-MALLS, and the results are listed in [**Table 2**](#T2){ref-type="table"}. The MWs of PM, S-PM, and Se-PM were 4.11 ± 0.27 kDa, 3.29 ± 0.06 kDa, and 2.36 ± 0.17 kDa respectively. With increasing chemical modification, the MWs of the polysaccharides obviously decreased potentially because degradation and depolymerization occurred simultaneously in the sulfation and selenylation processes.

###### 

Chemical characterization analysis of polysaccharide samples.

  Sample   MW (kDa)      DS     Se content (μg/g)
  -------- ------------- ------ -------------------
  PM       4.11 ± 0.27   ---    ---
  S-PM     3.29 ± 0.06   0.97   ---
  Se-PM    2.37 ± 0.17   0.56   437.25

In the selenylation process, Se might be in the form of -SeH or -SeO~3~ covalently bound to sites that were originally occupied by S. The Se content of Se-PM was 437.25 μg/g, and the DS of Se-PM decreased to 0.56 ([**Table 2**](#T2){ref-type="table"}). After selenylation, the DS in Se-PM decreased to 57.73% of that in S-PM, and the Se was detected to be 437.25 μg/g only in Se-PM, which is comparable with that reported for another kind of Se-polysaccharide prepared using nitric acid--sodium selenite (HNO~3~-Na~2~SeO~3~) method ([@B42]).

The FT-IR spectra of PM, S-PM, and Se-PM in the range of 4,000 to 700 cm^−1^ are presented in [**Figure 1**](#f1){ref-type="fig"}. The typical FT-IR signals of polysaccharides were observed, and the general profiles of each sample are similar. The characteristic at 3,420 and 2,933 cm^−1^ were assigned to the asymmetric stretching vibration of -OH and -CH groups, respectively. The absorption bands at 1,609 and 1,418 cm^−1^ were due to the symmetric and asymmetric stretching vibrations of -COOH groups ([@B9]). Three absorption s from 1,200 to 1,000 cm^−1^ were indicative of pyranoid saccharides, and the weak absorption at 820 cm^−1^ was unique to the mannuronic acid residues ([@B19]). However, there are some differences between the FT-IR spectra of PM, S-PM, and Se-PM. The existence of sulfate groups in S-PM and Se-PM was confirmed. As presented in [**Figure 1B**](#f1){ref-type="fig"}, the specific absorption at 1,260 and 806 cm^−1^ were related to the asymmetric stretching vibration of sulfate esters (--S = O) and to the -C-O-S symmetric stretching vibration, respectively ([@B40]), which suggested that the sulfated derivative was successfully prepared. As shown in [**Figure 1C**](#f1){ref-type="fig"}, the spectrum of Se-PM was similar to that of S-PM. The typical FT-IR signals of NaSeO~3~ appear at 790 and 730 cm^−1^ ([@B35]). No band in this region was seen in [**Figure 1C**](#f1){ref-type="fig"}, which indicated that as the reactant of selenylation of S-PM, the free Na~2~SeO~3~ was removed in the previous dialysis purification process. Considering that the measured Se content in the synthesized Se-PM was 437.25 μg/g while the measured S content in Se-PM decreased, implying that some bound S was replaced by Se, we thus speculate that the selenylated derivative was successfully synthesized and that Se might be covalently bound to the polysaccharide.

![FT-IR spectra of **(A)** PM, **(B)** S-PM, and **(C)** Se-PM.](fphar-11-00021-g001){#f1}

Se-PM Inhibits Aβ~1--42~ Aggregation *In Vitro* {#s3_2}
-----------------------------------------------

The inhibition of Se-PM or PM on Aβ~1--42~ aggregation was examined by ThT fluorescence assay, which is a valuable method for a real-time evaluation of formation of Aβ aggregation *in vitro* ([@B12]). As shown in [**Figure 2**](#f2){ref-type="fig"}, the progress in fibrillization of Aβ~1--42~ was continuously monitored by the increase in fluorescence of the dye ThT in the incubation mixture. A fast increase in ThT fluorescence was observed when mixed with Aβ~1--42~. After incubated with 0.5 mg/mL Se-PM, the maximal level of ThT fluorescence was obviously less by about 35% than that in control group, indicating that Se-PM suppressed the aggregation of Aβ~1--42~, while incubation with 0.5 mg/mL PM showed no influence on Aβ~1--42~ aggregation. The EGCG was chosen as a positive control.

![Effects of Se-PM on Aβ~1--42~ aggregation *in vitro*.](fphar-11-00021-g002){#f2}

After sheared from APP, the Aβ peptide would aggregate into oligomers and insoluble fibrils ([@B18]). It has been reported that Aβ oligomers were more toxic than Aβ monomers or fibrils, and Aβ~1--42~ oligomers are suggested to be the most neurotoxic form ([@B26]; [@B1]). The inhibition of Aβ~1--42~ aggregation by Se-PM might be one of the most important reasons for Se-PM to promote N2a-sw cell survival, exhibited as an increase in its cell viability.

Se-PM Suppresses Aβ Pathway in N2a-sw Cells {#s3_3}
-------------------------------------------

Aberrant accumulation of Aβ leads to the formation of Aβ plaques in brains, triggering the serious toxicity on nervous system ([@B43]). The total Aβ level in neurocytes is maintained in a dynamic equilibrium between generation and clearance, and the expression of Aβ sheared from APP in N2a-sw cells is much higher than that in N2a cells ([@B14]; [@B48]). Next, the Aβ pathway affected by Se-PM in N2a-sw cells was confirmed. First, the expression levels of APP in N2a-sw cells after treatment with Se-PM, S-PM, or PM were measured using Western blot analysis. Se-PM treatment effectively decreased APP expression compared with the control group. However, the S-PM-treated group and the PM-treated group did not have significant effect on APP expression ([**Figures 3A, B**](#f3){ref-type="fig"}).

![Effects of polysaccharide samples on the APP and BACE1 expression levels in N2a-sw cells: **(A)** immunoblot, **(B)** statistical analysis. \* *p* \< 0.05, \*\*\* *p* \< 0.001.](fphar-11-00021-g003){#f3}

BACE1 causes the initiation of Aβ formation in the amyloid genic pathway, which shears APP to produce the N-terminus of Aβ (β-CTF), and then the β-CTF is cleaved by γ-secretase to generate the mature Aβ peptide ([@B43]). The expression levels of BACE1 in the N2a-sw cells were confirmed using Western blot analysis after treatment with Se-PM, S-PM, or PM. The results presented in [**Figures 3A, B**](#f3){ref-type="fig"} show that BACE1 levels in N2a-sw cells were markedly reduced in the Se-PM-treated group while BACE1 levels in N2a-sw cells didn\'t change statistically after treated by S-PM and PM, respectively.

APP was overexpressed in N2a-sw cells due to being transferred the human APP695-Swedish gene. Therefore, the mechanism by which Se-PM can decrease protein expression of APP is warrant further study, including determining the APP mRNA expression, autophagy, and the ubiquitin-proteasome degradation pathway. In addition, Se-PM having significantly reduced the expression of APP and BACE1 while S-PM and PM could not suggest that the Se in the polysaccharide might be a vital factor. A number of studies have reported that Se-containing compounds possess more potent activities than Se-free compounds for neuroprotection ([@B31]; [@B22]). In our previous study, Se-PM was shown to markedly suppress the nuclear translocation of nuclear factor-κB (NF-κB) ([@B4]). Specifically, the promoter region of BACE1 has numerous NF-κB binding sites ([@B30]); thus, Se-PM might reduce the transcription of the BACE1 gene *via* inhibition of NF-κB binding to DNA, decreasing the expression of BACE1.

Se-PM Inhibits Cell Apoptosis in N2a-sw Cells {#s3_4}
---------------------------------------------

Oxidative stress induced by the aberrant production of APP and Aβ oligomers is a strong trigger for neurocyte apoptosis in nervous system ([@B13]). Reduction of the mitochondrial membrane potential indicates an increase in permeability and the release of some substances, such as cytochrome c and apoptosis-inducing factors, to the cytoplasm ([@B27]). The effect of Se-PM on the mitochondrial membrane potential was determined using JC-1, which is a highly sensitive metachromatic and lipophilic cationic dye-based probe. JC-1 accumulates in the mitochondrial matrix as a monomer and produces green fluorescence at low membrane potentials, and it forms "J-aggregates" and produces red fluorescence at high membrane potentials ([@B36]). An obvious increase in green fluorescence was observed in N2a-sw cells compared with N2a cells, which indicated that the mitochondrial membrane potential in N2a-sw cells was much lower than that in N2a cells. The green fluorescence in N2a-sw cells was significantly weakened after treatment with Se-PM, suggesting that Se-PM treatment could effectively increase the mitochondrial membrane potential in N2a-sw cells ([**Figure 4A**](#f4){ref-type="fig"}). Furthermore, the mitochondrial membrane potential of each group was statistically analyzed by ImageJ software. The mitochondrial membrane potential in N2a-sw cells was 58.17% of that in N2a cells, and it increased 1.47-fold with Se-PM treatment compared with untreated N2a-sw cells ([**Figure 4B**](#f4){ref-type="fig"}).

![Effects of Se-PM (0.5 mg/mL) on cell apoptosis in N2a-sw cells. **(A, B)** Immunofluorescence analysis of the mitochondrial membrane potential **(A)** and statistical analysis **(B)**. **(C, D)** Immunofluorescence analysis of cytochrome c release **(C)** and statistical analysis **(D)**. **(E, F)** Protein expression levels of Bax/Bcl-2, detected by Western blot analysis **(E)** and statistical analysis **(F)**. Indicates significant differences between the N2a-sw cells and N2a cells, ^\#\#^*p* \< 0.01. \*Indicates significant differences between the Se-PM-treated groups and control in N2a-sw cells, \* *p* \< 0.05. \*\* *p* \< 0.01. Scale bar = 20 μm.](fphar-11-00021-g004){#f4}

Next, the expression levels of cytochrome c in N2a cells and N2a-sw cells were determined using immunofluorescence analysis. The levels of cytochrome c (red) in N2a-sw cells were much higher than those in N2a cells, whereas the level was visibly reduced in N2a-sw cells after treatment with Se-PM ([**Figure 4C**](#f4){ref-type="fig"}). The fluorescence intensities of cytochrome c were measured by ImageJ software. The expression of cytochrome c in N2a-sw cells was shown to be 1.46-fold of that in N2a cells, and it was reduced to 81% by Se-PM treatment compared with that in untreated N2a-sw cells ([**Figure 4D**](#f4){ref-type="fig"}).

The Bcl-2 family has been proved to regulate apoptosis through the mitochondrial pathway ([@B29]). Bax and Bcl-2 are representative pro-apoptotic and anti-apoptotic members of this family, respectively ([@B29]). The ratio of Bax to Bcl-2 is a decisive factor in the induction of apoptosis, and the balance between the expression levels of Bax and Bcl-2 is a critical key for cell death or survival ([@B15]). N2a-sw cells were treated with Se-PM for 24 h, and then the Bax and Bcl-2 expression levels were determined by Western blot analysis. The expression of Bax in N2a-sw cells was obviously reduced, and the Bcl-2 expression level was considerably increased ([**Figure 4E**](#f4){ref-type="fig"}). The band density analysis showed that there was a significant decrease in the ratio of Bax to Bcl-2 in N2a-sw cells after treatment with Se-PM ([**Figure 4F**](#f4){ref-type="fig"}), indicating that Se-PM could inhibit apoptosis of N2a-sw cells induced by overexpressed APP and Aβ. Se, as a primary trace element, plays an important role in anti-oxidation and inhibition of the ROS over-expression in organisms. It is well known that ROS is a key factor to mediate cell apoptosis ([@B50]). It was also reported that seleno-polysaccharides obtained from *Radix hedysari* possessed significant anti-apoptosis activity in Aβ~21--45~-induced SH-SY5Y cells ([@B42]).

Se normally plays a critical role in neuroprotection. It could guard cells from serious oxidative damage, and seleno-polysaccharide, as an important organic Se material, has exhibited excellent bioactivities. Seleno-polysaccharide synthesized from *R. hedysari* polysaccharide and Na~2~SeO~3~ presents notable neuroprotective effects against oxidative damage in Aβ~21--45~-triggered SH-SY5Y cells ([@B42]). Seleno-polysaccharide isolated from *Coprinus comatus* show dramatic hypoglycaemic and antioxidant activities in diabetic mice ([@B47]). Our previous studies have proved that Se-PM could effectively reduce ROS production in N2a-sw cells ([@B53]) and LPS-triggered RAW264.7 cells ([@B3]). In this study, we found that Se-PM presented excellent neuroprotection bioactivities and perfectly combined the properties of PM and Se. However, Se-PM may not be able to function through the blood-brain barrier (BBB). To verify whether Se-PM could transport across the BBB, we inoculated BALB/c mice with 100 μL of Se-PM (20 mg/mL) *via* a tail vein injection. The Se concentration in the brain increased by approximately 19% at 2 h after the Se-PM injection, and then tended to balance ([**Supplemental Figure S2**](#SM1){ref-type="supplementary-material"}), suggesting that Se-PM could cross the BBB to serve its function.

ROS have been reported to serve as important chemical messengers and play a key role in cell homeostasis, proliferation, and growth ([@B15]). However, ROS become a powerful trigger of cell apoptosis when the production of ROS is out of control ([@B32]). Recent studies have suggested that impaired mitochondrial function is induced by Aβ accumulation in mitochondria, and the binding of Aβ to mitochondrial membranes is also an important inducer of AD, and it can induce neuronal dysfunction and apoptosis with ROS overproduction ([@B24]). In the present study, Se-PM treatment could significantly decrease Aβ aggregation *in vitro* ([**Figure 2**](#f2){ref-type="fig"}) and reduce APP and BACE1 expression in N2a-sw cells ([**Figure 3**](#f3){ref-type="fig"}). Combined with the experimental results from our previous study that Se-PM significantly decrease ROS production in N2a-sw cells ([@B53]), we speculated that the levels of Aβ oligomers in N2a-sw cells could also be reduced by Se-PM treatment.

An increase in ROS has been implicated in the induction of apoptosis because it decreases the mitochondrial membrane potential and promotes the release of cytochrome c to facilitate caspase activation ([@B16]). Cytochrome c release is regulated by Bcl-2, which is an antagonist of the proapoptotic activity of Bax and promotes cell survival *via* attenuating Bax translocation from the cytosol to mitochondria ([@B11]). Se-PM treatment could significantly alleviate the expression of cytochrome c and reduce the ratio of Bax to Bcl-2 in N2a-sw cells ([**Figures 4C--F**](#f4){ref-type="fig"}). These results suggest that Se-PM treatment can markedly inhibit the cell apoptosis induced by the overexpression of APP or Aβ oligomers and dramatically promote cell survival of N2a-sw cells.

Conclusion {#s4}
==========

In summary, we successfully synthesized a Se-containing compound, Se-PM using alginate-derived PM and Na~2~SeO~3~, and its neuroprotection as well as mechanism were evaluated in this study.

From our study, for the FT-IR spectrum of Se-PM, the typical IR signals of NaSeO~3~ (790 and 730 cm^−1^) did not appear, which indicated that the free Na~2~SeO~3~ was removed in the previous dialysis purification process. In addition, considering that the measured Se content in the synthesized Se-PM was 437.25 μg/g while the measured S content in Se-PM decreased, it is sure that some Se was bound to polysaccharides although the type of chemical bond of Se with polysaccharides is unclear. Furthermore, the bioactivities of PM, S-PM, and Se-PM are significant different, further confirming our speculation that Se may have replaced S and bound into polysaccharides.

Se-PM remarkably inhibited Aβ~1--42~ oligomer aggregation *in vitro* and suppressed APP and BACE1 expression in N2a-sw cells. Moreover, Se-PM attenuated the expression of cytochrome c and enhanced the mitochondrial membrane potential in N2a-sw cells. Se-PM also remarkably decreased the ratio of Bax to Bcl-2. All these suggested that Se-PM could reduce cell apoptosis and promote cell survival of N2a-sw cells. These findings should be helpful to understand the mechanism for the new activities caused by Se supplementation in drugs, and may provide a pharmacological basis for the application of Se-derivatives of polysaccharide as original marine drugs in neuroprotection, to improve human health.
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